The processes for the production of ferroboron and ferrovanadium from indigenous resources by open aluminothermic reduction have been described. The influence of process parameters such as charge composition, particle size, and the use of fluxes on the yield and composition of the ferroalloys obtained are discussed. In the case of ferroboron, it has been possible to obtain a recovery of 60% of boron as Fe-15B while restricting the residual aluminium content in the product to approximately 2% by using 90% of stoichiometric aluminium in the charge. In the case of ferrovanadium, it has been possible to achieve a recovery of 70% of vanadium as Fe-75V by using 5% excess aluminium in the charge, with the same percentage remaining as residual aluminium in the product.
INTRODUCTION
The addition of boron enhances the mechanical properties, particularly the hardenability of steel. Boron is added to steel in very small quantities (--0.0025%), usually in the form of the alloy ferroboron, containing up to about 15% boron l\l. Ferroboron may be produced by the reduction of boric oxide by carbon in the presence of iron in an electric furnace. However, the product invariably carries a high amount of residual carbon. Ferroboron, low in carbon, may be prepared by aluminothermic reduction. This reaction is usually carried out in an open reactor as a non-furnace process or in an electric furnace.
Vanadium imparts a multitude of desirable properties to varieties of steels 111. Improved hardness and wear resistance, enhancement in strength, toughness and weldability are among the key benefits of vanadium addition. The form in which vanadium is added to steel is principally as the alloy ferrovanadium, even though proprietary alloys composed of vanadium carbide, vanadium oxycarbide or vanadium carbonitride are also used for addition. The methods for producing ferrovanadium include carbothermic, silicothermic and aluminothermic reductions. Vanadium pentoxide is the usual starting material even though vanadium-bearing slag is directly used in some cases. Among the reduction methods the aluminothermic process is most widely used because it results in high product purity, good yield and relatively easy execution.
Aluminothermic reduction is an important method for the production of ferroalloys 131. In the aluminothermic production of ferroalloys, there exists a considerable scope for experimentation with new charge mixtures. Iron for the final alloy is incorporated in the charge either as scrap iron or in the form of iron oxide. In each case the reaction conditions are different and the quality and yield of the product may thus be influenced.
In the present investigation, aluminothermic reduction has been used for the preparation of ferroboron and ferrovanadium from the oxides of boron and vanadium obtained from processing of indigenous resources of Turkey. Iron was added to the charge in the form of ferric oxide. Slag fluxes and fluidizers have been used to improve yield and slag-metal separation. The details are presented in this paper.
THEORETICAL CONSIDERATIONS
The overall reactions for the preparation of ferroboron by aluminothermic reduction may be represented as B3O3+ 2A1 + 2Fe = 2FeB + AI2O3 ΔΗ § Μ = -402 kJ (1) and B2O3 + 4A1 + Fe 2 03 = 2FeB + 2A1 2 0 3 ΔΗ% = -1255 kJ (2)
The free energy of each of the above reactions is a large negative value and the reactions are also exothermic. Considering the exothermicity of the reaction in which boric acid is reduced in the presence of iron, the enthalpy of the reaction is a more negative value than the enthalpy of the boric oxide reduction to boron. This is so because of the exothermic formation of the compound FeB from the constituent elements (AH^g = -71 kj/mole) /4/. The enthalpy of the reaction is an important consideration in aluminothermic reduction as it helps to estimate whether the heat generated will be sufficient to melt the metal and slag and heat them to such a temperature that the two phases will separate due to their density difference. Usually, the heat generated per gram of products/charge is calculated by dividing the enthalpy of reaction by the sum of the molecular weights of the products. If this ratio is larger than 4500 J per gram, the reaction will be violent, and may even be explosive. When the ratio is less than 2250 J per gram, the heat is insufficient to melt the products and heat them to the temperature necessary for gravity separation. When the value is between 2250 and 4500 J per gram, a controlled and self-sustaining aluminothermic reduction is indicated 151. (2) is 4140 J. This reaction obviously provides sufficient additional heat for a self-sustaining aluminothermic reduction and can easily accommodate minor upsets in the heat balance in the actual reaction.
The overall reaction representing the preparation of ferrovanadium by aluminothermic reduction may be represented by 3V 2 0 5 + 10A1 + xFe = 6(F ex/6 V) a " ov + 5A1 2 0 3 (3) where χ is variable and usually ranges between 1 and 7. This reaction is highly exothermic (-4500 J per gram charge) and the exothermicity of the reaction increases with an increase in the vanadium content of the resulting ferroalloy. In place of iron, iron oxide can be used and the overall reaction for the formation of -75% ferrovanadium from vanadium pentoxide and iron oxide can be written as 3V 2 0 5 + 11.8A1 + 0.9Fe20 3 = Fe,. 8 V 6 + 5.9A1 2 0 3 (4) for which AH^g = -4860 kJ and the exothermicity turns out to be -4800 J/g.
A certain amount of aluminium reductant used in aluminothermic reductions ends up in the product as an impurity since aluminium readily alloys with many metals and alloys. The desired product, therefore, influences the quantity of aluminium used in the charge. In certain types of reductions, particularly in open reactors, a certain amount of aluminium is lost by side reactions and processes which include atmospheric oxidation as well as vaporisation. This indicates the need for some excess aluminium in the charge. The presence of aluminium brings down the melting temperature of the metal or alloy product of aluminothermic reductions. The melting point of the slag, which is principally alumina, can also be brought down by using additives, such as calcia, in the charge. A lower melting temperature of metallic and slag products decreases the heat requirement for aluminothermic reductions.
EXPERIMENTAL DETAILS
Boric oxide, vanadium pentoxide and aluminium powder were used as the starting materials. The impurities contained in these powders are listed in Table 1 . In the experiments for the production of ferroboron, aluminium with different particle size distribution, viz. -28 + 325, -100 + 150 and -150 + 325 mesh sizes, was used. The size range of aluminium particles in ferrovanadium reduction was -100 + 325. Lime and calcium fluoride used as addition in some experiments were of AR grade. The batch size of the experiments was approximately 200g.
Aluminothermic reductions were conducted in an open reactor shown schematically in Fig. 1 . The reactor is a one-end closed cylindrical steel tube lined on the inside with a tapered castable alumina crucible.
Boric oxide was melted at 850°C and cooled. It was then crushed, ground and mixed intimately with calculated quantities of aluminium and iron oxide, and charged into the alumina lined reactor. The proportion of boric oxide and iron oxide in the charge corresponded to the preparation of Fe-20 wt% boron. The aluminium content in the charge was varied from 70 to 120% of the stoichiometric requirement as per reaction (2) . Calcia was added to the charge, in some experiments in amounts varying from 1 to 6% of the charge weight, and calcium fluoride corresponding to 5% of the charge weight was added in one experiment. For priming the reaction a mixture of potassium chlorate and aluminium powder was placed on top of the packed charge. A heater coil was embedded in this priming mixture so that the reaction could be initiated remotely by passing current through the coil. Once initiated the reaction quickly proceeds to completion. After overnight cooling, the reactor was discharged and the ferroalloy which has solidified beneath a solidified slag layer was easily removed. Vanadium pentoxide was melted at 650°C and cooled. It was then crushed, ground and mixed intimately with calculated quantities of iron oxide and aluminium and charged into the alumina lined reactor. The quantities of vanadium pentoxide and iron oxide mixed correspond to the formation of a Fe-80% V alloy. The amount of aluminium in the mixture was varied from just stoichiometric quantity to 20% excess aluminium. Calcia was added to the charge in amounts varying from 40 to 110% of the weight of aluminium used for reduction. The experiment was otherwise conducted exactly as described for ferroboron production.
RESULTS AND DISCUSSION

Ferroboron
The influence of the amount of aluminium used for reduction as well as the aluminium particle size on the recovery and composition of the ferroboron produced are presented in Figs. 2, 3 The boron content in ferroboron also shows variation depending on the quantity of aluminium reductant in the charge. This is depicted in Fig. 3 . It varies from 10% when the aluminium content is lower (70% of the stoichiometric amount) to about 14% when 90 to 100% of the stoichiometric aluminium is used, but decreases at higher aluminium contents. The aluminium particle size does not appear to influence the boron content much, particularly when 90 to 100% stoichiometric aluminium is used. Neither does the particle size have any significant influence on the residual aluminium content of ferroboron. This is illustrated in Fig. 4 . The residual aluminium content, however, increases sharply with an increase in the quantity of aluminium in the charge, exceeding the amount of boron itself if more than the stoichiometric quantity of aluminium is used in the charge. If the residual aluminium content is to be restricted at about 2%, not more than 90% of the stoichiometric aluminium requirement can be used in the charge. While the composition results in only a 60% recovery of boron, which is somewhat less than the maximum boron recovery (~70%) in the ferroalloy, it certainly results in a maximum possible boron concentration (~14%). Keeping in view the acceptable level of residual aluminium in ferroboron, boron content in the ferroalloy as well as an acceptable recovery of boron as the alloy, the optimum charge composition was fixed as 200g B2O3, 250g Al and 360g Fe20 3 . With this charge, 60% of boron in the boric oxide was recovered as ferroboron, in which the boron content was 14 wt% and the residual aluminium content 3.3%.
The results of experiments in which calcium oxide Table 2 . An improvement in boron recovery was observed with the addition of CaF 2 which functions as a slag fluidizer, a factor important in the ferroalloy settling considering the relatively low density of ferroboron. The addition of various amounts of calcia has not resulted in beneficial effects but caused a drop in recovery. This probably results from their effect as heat sink offsetting the benefit of their fluxing action on alumina.
Ferrovanadium
The influence of the amount of aluminium used for reduction on the recovery and composition of ferrovanadium is presented in Figs. 5, 6 and 7. The effects of lime addition to the charge on the recovery and composition of ferrovanadium are presented in Figs. 8, 9 and 10.
-' As shown in Fig. 5 , the use of excess (over and above the stoichiometric requirement) aluminium in the charge results in an improvement in the recovery of vanadium as ferrovanadium. The improvement is maximum between 0 and 5% excess but slowly drops as the aluminium content is increased further up to 20% excess. About 72% of vanadium in the oxide was recovered as ferrovanadium when 5% excess aluminium reductant is used in the charge.
As in the case of vanadium recovery which increased with aluminium content in the charge, peaking at 5% excess aluminium, the vanadium loading or vanadium content of the ferroalloy showed a similar behaviour. This is depicted in Fig. 6 . The concentration of vanadium in the ferroalloy is maximum --75%, when 5% excess aluminium is used in the charge. However, in contrast to the behaviour displayed in vanadium recovery, further increase in aluminium brings the vanadium concentration in the ferroalloy to levels below that achieved with just the stoichiometric amount of aluminium.
The data in Fig. 7 indicate that the residual aluminium content in ferrovanadium increases steadily with increase in excess aluminium used in the charge. When the stoichiometric amount of aluminium is used, the ferroalloy contains about 5% aluminium and the content increases to as much as 16% aluminium when 20% excess aluminium is used as reductant.
The formation of ferrovanadium from iron oxide and vanadium pentoxide by aluminothermic reduction is a highly exothermic process. Calcia added to the charge functions as a heat sink in addition to acting as flux to alumina, and beneficial effects could be anticipated. The effects are presented in Figs. 8, 9 and 10 for a charge consisting of V2O5, Fe2Ü3 and 5% excess aluminium reductant. The amount of CaO is, however, variable.
The recovery of vanadium as ferrovanadium from the charge without calcia was at best 72%. The addition of calcia, as seen from Fig. 8 , brings about a very noticeable change in vanadium recovery. The recovery of vanadium varies with the amount of calcia and is highest (>85%) when the CaO/AI ratio is between 0.65 and 0.9. The vanadium content in ferrovanadium shows a rapid increase with an increase in the calcia content of the charge between CaO/AI ratio 0.45 and 0.8 and 60l
1 L then levels off. This is indicated in Fig. 9 . The residual aluminium content in ferrovanadium is also affected by the amount of CaO in the charge, increasing steadily with an increase in the CaO/Al ratio. This is illustrated in Fig. 10 . Considering the vanadium yield as ferrovanadium, residual aluminium content in the ferroalloy as well as its vanadium content, the optimum charge composition was: V2O5 : 300 g, Fe2Ü3 : 60 g, Al : 175 g, and CaO : 115 g, corresponding to a CaO/Al ratio of 0.657. With this charge, 87% of vanadium contained in the oxide was recovered as ferrovanadium of composition Fe -72 V with 3.1% residual aluminium.
The charge in the commercial process for ferrovanadium production 111 by aluminothermy consists of vanadium pentoxide, finely divided aluminium, new iron scrap and a flux such as calcium oxide or calcium fluoride. Control of reduction temperature is largely achieved by the charge feeding rate whether the reaction is carried out in an open-top three-phase electric arc furnace lined with magnesia or in a magnesia-lined vessel as a non-furnace process. Vanadium yield as ferrovanadium can be as high as 92 to 95% in these processes. The yield is somewhat lower (~87%) when iron oxide is used in place of iron and the entire charge is loaded into the reactor at one time. This was also reported by Mehra and Gupta 16/ who used a charge consisting of 2 CaO.V^Os, Fe203 and aluminium and obtained 60 V-40 Fe alloy in 87% yield in an open refractory-lined reactor. Obviously the reduction temperature cannot be as finely controlled in such a case as in the two methods described previously.
CONCLUSIONS
Starting from a boric oxide and iron oxide mixture, by aluminothermic reduction in an open refractorylined reactor, ferroboron was prepared. The amount of boron from boric oxide ultimately recovered as ferroboron varies with the quantity of aluminium used as reductant. Similarly, the boron content in ferroboron as well as its residual aluminum content show variation with the amount of reductant. Best results were obtained in the preparation of Fe-15B alloy by using only 90% of the stoichiometric requirement of
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aluminium. The use of calcia as slag flux has not been found beneficial in these reductions. Calcium fluoride addition, however, results in an improved recovery of boron as the ferroalloy.
Ferrovanadium was prepared from a charge consisting of vanadium pentoxide, ferric oxide and aluminium by aluminothermic reduction in an open reactor. The recovery of vanadium as ferrovanadium, vanadium content in the alloy as well as its residual aluminum content show a variation depending on the quantity of excess aluminium used in the charge. Best results were obtained in the preparation of Fe-75 V by using 5% excess aluminium. The recovery of vanadium was about 72%. Significant improvement in vanadium recovery could be achieved by using calcia as the heat sink and slag fluidizer for the highly exothermic thermit reduction in which iron, in addition to vanadium, was used in the oxidic form in the charge. Using CaO in an amount corresponding to a CaO/Al ratio of 0.657 in the charge improved the vanadium yield as ferrovanadium to 87% without adversely affecting vanadium content and residual aluminium content in the ferroalloy.
